Abstract. Rho GDP dissociation inhibitors (GDIs) are pivotal regulators of Rho GTPases, which are essential for tumor progression, yet their role in hepatocellular carcinoma (HCC) remains poorly understood. The purpose of the present study was to assess the role of RhoGDIs in the invasiveness and migration of liver cancer, and to determine their clinical prognostic significances in HCC following liver transplantation (LT). In the present study, the expression of RhoGDIs was assessed using reverse transcription-quantitative polymerase chain reaction and confirmed by western-blot analysis and immunohistochemistry. Their prognostic values were also analyzed, and determined in patients treated with LT. In addition, the functions of RhoGDIs in liver cancer cell line were studied in vitro. As a result, the downregulation of RhoGDI1 and RhoGDI2 at mRNA and protein levels were detected in HCC when compared with that of adjacent noncancerous tissues (P<0.05). However, the level of RhoGDI3 was identified to be similar in tumor and para-carcinoma tissues. Additionally, Kaplan-Meier curves demonstrated that patients with lower expression of RhoGDI1 or RhoGDI2 exhibited significantly increased risk of tumor recurrence following LT (P=0.007 and P=0.006, respectively). Cox proportional hazards model analysis revealed that the decreased expression level of RhoGDI2 was an unfavorable independent prognostic factor (hazard ratio, 3.306; P=0.001). In vitro studies involving the silencing of RhoGDI1 or RhoGDI2 demonstrated a significant increase in the migratory and invasive ability of tumor cells upon the silencing of these genes. Results from the present study indicate that RhoGDI dysregulation is a frequent event in human HCC, and that it promotes cancer progression by stimulating cell migration and invasion. RhoGDI2 may be a prognostic biomarker for patients with HCC following LT, and act as a potential therapeutic target.
Introduction
Hepatocellular carcinoma (HCC) is currently the fifth most common type of solid tumor worldwide and the second leading cause of cancer-associated mortality in China, accounting for an estimated >650,000 mortalities annually (1) . The high mortality associated with this disease may be attributed primarily to the inability to diagnose patients with HCC at an early stage, and its aggressive invasiveness and metastasis (2) . Despite the fact that liver transplantation (LT) is considered the best treatment option for progressive HCC in selected patients accompanied by cirrhosis and hepatitis, the high postoperative recurrence and metastasis of HCC, due to its invasion-associated spreading, remains the biggest obstacle that affects the long-term prognosis of patients following LT (3, 4) . This unfavorable prognosis is primarily due to the fact that HCC is a highly vascularized tumor type with frequent intra-or extra-hepatic metastases. However, at present, the molecular mechanisms underlying HCC recurrence and metastasis remain to be elucidated. In addition, there is an urgent demand to identify additional diagnostic and prognostic biomarkers of HCC, which may be critical for developing novel therapeutic strategies.
Rho family GTPases, including Ras homolog gene family, member A, Ras-related C3 botulinum toxin substrate 1 and cell division control protein 42 homolog (Cdc42), belong to the small GTPases of the Ras oncogene superfamily that are known to have an essential role in cellular function. Their biological activities are controlled through a tightly regulated GDP/GTP cycle, which is stimulated by guanine nucleotide exchange factors and terminated by GTPase-activating proteins (5) (6) (7) . As the pivotal suppressor of Rho GTPase, Rho GDP dissociation inhibitors (GDIs) bind to the majority of Rho GTPases in the cytoplasm to prevent the nucleotide exchange, and thus block their activation, which leads to carcinogenesis and promotes the invasive phenotype of tumor cells (8) (9) (10) (11) . Dysregulation of RhoGDIs has been explored in a variety of human tumors; however, the expression levels exhibit opposite patterns depending on the tumor types. RhoGDI1 is upregulated in advanced ovarian and colorectal cancers and is associated with tumor progression (12, 13) . However, the downregulation of RhoGDI1 has been identified in breast cancer, prostate cancer and HCC (14) (15) (16) . RhoGDI2 is downregulated and identified as a putative metastasis suppressor in bladder cancer, colorectal carcinoma and Hodgkin's lymphoma, while the overexpression of RhoGDI2 has also been detected in cases of ovarian, breast and gastric cancer (12, (17) (18) (19) (20) . However, RhoGDI3, which is preferentially expressed in the brain and pancreas, is present at low levels in patients with breast cancer metastasis (21) . In addition, a small number of studies are available on the expression pattern and clinical implications of RhoGDIs in patients with HCC, while the role of RhoGDIs in tumor progression and metastasis remains controversial (22) (23) (24) .
The purpose of the present study was to assess the role RhoGDIs perform in the invasiveness and migration of HCC, to investigate the expression of RhoGDIs in patients with HCC and to determine their clinical prognostic significance in HCC following LT. It was identified that the downregulation of RhoGDIs was associated with decreased recurrence-free survival for patients with HCC following LT, and promoted cancer progression by facilitating cell migration and invasion, supporting its role as a metastasis suppressor and its potential clinical utility for biotherapy.
Materials and methods
Clinical samples. In total, 138 patients were enrolled in the present study. A total of 80 hepatocellular carcinoma tissues were obtained from patients treated with orthotopic LT (OLT) between January 2002 and December 2005 in a single group at the First Affiliated Hospital of Zhejiang University School of Medicine (Hangzhou, China), among which 56 patients (70%) were beyond the Milan criteria (3) and 45 patients (56.3%) developed tumor recurrence during a follow-up period of 2-46.9 months. The median follow-up time was 19.2 months. All diagnosed cases were verified histologically prior or subsequent to surgery, and the clinicopathological variables were summarized in Table I . All patients were monitored by serum α fetoprotein (AFP) levels, abdominal ultrasonography, chest X-ray and computed tomography scanning regularly following LT for the surveillance of recurrence or metastases. Tumor recurrence was confirmed by radiological techniques and aided by serum AFP examination. An additional 58 matched pairs of HCC samples and adjacent liver tissues were also included in the present study. Tissues were immediately frozen in liquid nitrogen following surgery, and then stored at -80˚C until processing. The present study was approved by the Ethics Committee of Zhejiang University and written informed consent was obtained from all the patients, according to the Declaration of Helsinki.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was extracted from all specimens using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) while RT-PCR was performed using the MMLV Reverse Transcriptase cDNA kit (Promega Corporation, Madison, WI, USA), according to the manufacturer's protocol. RT-qPCR Amplification was initiated with a 3-min pre-denaturation step at 93˚C, followed by 40 cycles of 1 min at 93˚C, 1 min at 55˚C, and 1 min at 72˚C and then a final extension at 72˚C for 5 min. SYBR-Green (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used as a fluorophore. qPCR was performed in triplicate using an ABI7500 system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The expression of RhoGDIs was normalized to β-actin, which was used as an internal control according to the 2 -ΔΔCq method (25) . All primer sequences used in this study were as follows: RhoGDI1 sense, 5'-ACT ACA AGC CCC CGG CCC AG-3' and antisense, 5'-GTT GGG GAC GTT GGG GTC TGC-3'; RhoGDI2 sense, 5'-GAG AGA CAG AGG CAC CCC GGA-3' and antisense, 5'-GCT TTC GGA TCT GTC ACC ACA GGA-3'; RhoGDI3 sense, 5'-TGT CGG AAC AGG CTC CGG GG-3' and antisense, 5'-GAC GGT CTT GTC CAC GCG CA-3'; and β-actin sense, 5'-TTG TTA CAG GAA GTC CCT TGC C-3' and antisense, 5'-ATG CTA TCA CCT CCC CTG TGT G-3' (26). All reactions were performed in duplicate.
Western blot analysis. Clinically frozen tissues were homogenized in radioimmunoprecipitation lysis buffer and incubated at 4˚C for 3 h. For electrophoresis, total protein (40 µg per lane) was separated by 12% SDS-PAGE (Invitrogen; Thermo Fisher Scientific, Inc.) and then transferred onto polyvinylidene fluoride membranes. Following blotting, the membranes were incubated with rabbit monoclonal antibody against human RhoGDI1 (1:1,000, cat. no. ab133248; Abcam, Cambridge, UK), rabbit polyclonal antibody against RhoGDI2 (1:2,000, cat. no. ab15198; Abcam) or mouse monoclonal antibody against β-actin (1:2,000, cat. no. sc130065; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) overnight at 4˚C. Following 3 washes with TBST buffer (20 mM Tris-HCl, 150 mM NaCl, and 0.05% Tween-20) for 10 min, the membranes were incubated with second antibody for 1 h at room temperature. Finally, immunocomplexes were visualized by chemiluminescence using enhanced chemiluminescence (Applygen Technologies, Inc., Beijing, China) according to the manufacturer's protocol.
Immunohistochemical analysis.
Immunohistochemical studies on RhoGDIs were performed on formalin-fixed tissue sections obtained from tumor tissues and their paired adjacent non-tumors tissues. In brief, 4 µm sections were heated at 60˚C for 20 min followed by deparaffinization with xylene for 20 min and rehydration with a graded ethanol series (100, 95, 80 and 70%) and deionized distilled water, for 5 min each. Subsequent to treatment with 3% hydrogen peroxide to quench endogenous peroxidase activity, the sections were submerged into potassium citrate antigenic retrieval buffer and microwaved for antigenic retrieval, after which they were incubated with 1% bovine serum albumin (Gibco; Thermo Fisher Scientific, Inc.) to block non-specific binding sites. Then, the sections were incubated with primary antibodies against RhoGDI1 (1:50; cat. no. ab133248; Abcam) or RhoGDI2 (1:100; cat. no. ab15198; Abcam) for 1 h at 37˚C. Following 3 washes with phosphate buffered saline (PBS) for 5 min, tissue slides were treated with biotinylated secondary anti-rabbit antibody (1:200; cat. no. a11034; Invitrogen; Thermo Fisher Scientific, Inc.) and horseradish peroxidase (HRP)-streptavidin complex (Yeasen, Shanghai, China) at 37˚C for 30 min each. Finally, all sections were counterstained with hematoxylin, dehydrated, and mounted. The immunostained scores were independently interpreted and categorized using a semi-quantitative scale as follows: 0, ≤5% positive staining; 1, 6-25% positive; 2, 26-50% positive; 3, 51-75% positive; and 4, >75% positive by two pathologists blinded to the clinical data.
Cell culture. Human liver cancer HepG2 and MHCC-97L cell lines were purchased from the American Type Culture Collection (Manassas, VA, USA) and Liver Cancer Institute of Fudan University (Shanghai, China), respectively. All the cell lines were maintained in Dulbecco's modified Eagle's Medium (DMEM) (Gibco; Thermo Fisher Scientific, Inc.) with high glucose, supplemented with 10% fetal bovine serum (FBS) (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in a 5% CO 2 atmosphere at constant humidity.
RNA interference experiments. All small interfering RNAs (siRNAs) were purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). Transient transfection of each siRNA to knock down RhoGDIs using Lipofectamine 2000 transfection reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The siRNA sequences were as follows: RhoGDI1-siRNA, 5'-AAT TTA AGC AGT TAG AAC T-3'; RhoGDI2-siRNA1, 5'-AAT ACG TTC AGC ACA CCT ACA-3'; RhoGDI2-siRNA2, 5'-AAG GAA GGT TCT GAA TAT AGA-3' and scrambled negative control-siRNA, 5'-AAT CGC ATA GCG TAT GCC GTT-3'. The cells were harvested following 48 h of transfection, and the efficiency of each siRNA oligo duplex was confirmed by qPCR.
In vitro cell migration/invasion assay. Cell migration and invasion were measured by an in vitro Transwell assay (Merck KGaA, Darmstadt, Germany), according to the manufacturer's protocol. Tumor cells (2.5x10 5 ) transfected with RhoGDI1/2-siRNA were suspended in 250 µl serum-free DMEM were placed in Table I 
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RhoGDI2 RhoGDI3 expression, n expression, n expression, the upper insert, whose porous membrane was coated with (for invasion assay) or without (for migration assay) Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). Subsequently, 600 µl medium containing 10% FBS was added to the lower chamber as a chemoattractant. Following migration for 24 h, or invasion for 48 h, the insert was removed and added into dried methanol for 15 min at room temperature. Finally, the penetrated cells on the filters were stained in 0.1% crystal violet and counted in 5 fields under a x100 objective lens of an Olympus CX31 light microscope (Olympus Corporation, Tokyo, Japan). Tumor cells transfected with negative control-siRNA were used as control. Each experiment setting was repeated in triplicate.
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Statistical analysis. All statistical data were processed with SPSS v.16.0 (SPSS, Inc., Chicago, IL) and GraphPad Prism v5.0 (GraphPad Software, La Jolla, CA) software. The differences between the two groups were analyzed using an unpaired Student's t-test. The χ 2 or Fisher's exact tests were used for comparisons between RhoGDI expression and clinicopathological factors. Tumor-free survival curves were drawn by the Kaplan-Meier method, and compared by the log-rank test. Cox regression analysis was used for univariate and multivariate analysis to calculate the hazard ratios for risk factors. P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of RhoGDIs in HCC and precancerous tissues.
For the analysis of RhoGDIs expression in HCC, the expression of RhoGDIs was first examined in 58 pairs of HCC tissues and adjacent noncancerous liver tissues by qPCR. As expected, the downregulation of RhoGDI1 and RhoGDI2 mRNA was observed in 39 (67.2%) and 38 patients (65.5%), respectively. Overall, GDI1 and GDI2 expression was significantly decreased in tumors compared with matched non-tumorous tissues (P<0.05; Fig. 1A and B) ; however, RhoGDI3 expression did not differ significantly between tumor and non-tumor tissue (P>0.05; Fig. 1C) . These results were then confirmed in 30 pairs of primary HCC tissues by western blot analysis. Compared with paired non-tumor liver tissues, the downregulation of RhoGDI1 and RhoGDI2 were observed in 20/30 (66.7%) and 21/30 (70%) of HCCs, respectively ( Fig. 1D and E) . In addition, the expression and subcellular localization of RhoGDIs protein was determined by immunohistochemistry, and its expression intensity corresponded closely with those of the RT-qPCR and immunoblotting analysis (Fig. 2) .
Association of RhoGDI expression with clinicopathological variables.
To determine the clinical significance of RhoGDIs in HCC, the expression of RhoGDIs in 80 consecutive patients who underwent LT was examined. When patients were segregated into low/high expression groups with the median GDI expression level as the cut-off line, the association study demonstrated that a low expression of RhoGDI1 and RhoGDI2, but not RhoGDI3, was significantly associated with tumor recurrence following LT (Table I) . However, no significant association was observed between the downregulation of RhoGDIs and clinicopathological characteristics, (Table I) .
RhoGDI expression is associated with HCC prognosis.
Whether the downregulation of RhoGDIs was associated with the prognosis of patients with HCC was investigated. Notably, Kaplan-Meier survival curves and the log-rank tests indicated that the low expression of RhoGDI1 and RhoGDI2 were unfavorable prognostic predictors for the disease-free survival (DFS) of HCC, whereas RhoGDI3 expression exhibited no significant association with HCC prognosis (RhoGDI1, P=0.02; RhoGDI2, P=0.006; RhoGDI3, P=0.108; Fig. 3A-C) . The combined effect of RhoGDI1 and RhoGDI2 mRNA on DFS of HCC was also evaluated. The GDI1 and GDI2 low expression group demonstrated significantly shorter DFS compared with other groups (either GDI1 or GDI2 high expression group; GDI1 and GDI2 high group; Fig. 3D ). Concurrently, univariate analyses were performed to determine the prognostic factors for predicting tumor recurrence of HCC by the Kaplan-Meier method. As demonstrated in Table II , three of the well-known factors associated with HCC recurrence were confirmed in the present study (tumor size; preoperative AFP level; portal vein tumor thrombus). In addition, the downregulation of RhoGDI1 or RhoGDI2 exhibited significantly poorer DFS compared with those patients with high expression of RhoGDI1 or RhoGDI2 (Table II) . Ultimately, by the multivariate Cox regression analysis, apart from preoperative serum AFP level, low levels of expression RhoGDI2 were identified to be an independent predictor of recurrence-free survival for HCC following LT (hazard ratio, 3.306; 95% confidence interval, 1.610-6.790; P=0.001; Table II ). The data of the present study indicate that RhoGDI2 expression may be an important indicator for predicting HCC recurrence, which in turn may affect the overall survival of patients following LT.
Effects of RhoGDIs on cell migration and invasion.
It has been demonstrated that RhoGDI1 and RhoGDI2 function as metastasis suppressors and may block cell invasion in different types of tumors. To explore whether RhoGDI depletion affects cell migration and invasion, a Transwell assay was performed in GDI-RNAi cells. Following 48 h of RNA interference, expression of RhoGDI1 and RhoGDI2 was efficiently suppressed by specific siRNAs. As demonstrated in Fig. 4 , HepG2 cells with RhoGDI1 knockout exhibited significantly higher rates of migration and invasion compared with control groups. Coincidently, silencing RhoGDI2 expression effectively enhanced Matrigel invasion activity of HepG2 cells (P<0.05; Fig. 4A and B) . Similar results were observed in MHCC-97L cells (data not shown). Overall, these in vitro studies demonstrated that RhoGDIs perform crucial roles in the regulation of HCC cell motility and invasiveness.
Discussion
Although marked progress has been made in previous decades, the survival of patients with HCC remains at ~50% (range, 17-69) following 5 years (27,28). Tumor recurrence remains one of the major challenges for patients with HCC undergoing LT, constituting a major factor in its poor prognosis. Diverse significant risk factors for recurrence have been established, including tumor rupture, venous invasion and cirrhosis, which have been implicated in early recurrence (29) . Viral replication in viral hepatitis and multiple tumors increases the risk for the late recurrence (30, 31) . However, the molecular pathogenesis underlying tumor recurrence remains largely unknown, which seriously hinders the improvement of the clinical management of HCC (32, 33) . In previous years, it was widely accepted that abnormal gene expression constituted one of the major characteristics of tumor invasion and metastasis. Thus, to elucidate the mechanisms and identify novel biomarkers underlying the early recurrence of HCC are considered to be significant for improvements to the therapeutic interventions and overall prognosis for patients with HCC.
Rho GTPases, including Rho, Rac and Cdc42, that bind RhoGDIs regulate numerous cellular functions, including cell polarity, cell cycle progression, apoptosis, vesicular trafficking and tumorigenesis in several types of cancer (5, 13, 16) . Changes in the levels of the different RhoGDIs markedly affects the overall levels and Rho GTPase activity, primarily by their ability to prevent nucleotide exchange and membrane association (9) . This indicates that the deregulation of RhoGDIs may be involved in progression and metastasis for a number of types of human cancer.
To the best of our knowledge, the role of RhoGDIs in cancer remains controversial. A small number of studies mentioned the expression of RhoGDIs in HCC. Ding et al (22) identified that miR-151 may directly target RhoGDI1, which is frequently downregulated in HCC and functions as a metastasis suppressor, leading to the activation of Rac1, Cdc42 and Rho GTPases, thus facilitating HCC cell invasion and spreading (22) . In a small study using transcriptomic and proteomic approaches, the downregulation of RhoGDI2 was identified in patients with HCC with hepatitis B infection (24) . In the present study, the expression of RhoGDI1 and RhoGDI2, but not RhoGDI3, was significantly lower in HCC tissues compared with para-cancerous tissues at mRNA and protein levels, and these results are consistent with a previous study (16) . In addition, a lower expression of RhoGDI1 was negatively associated with disease-free survival in patients with HCC who underwent LT (P=0.013). Since Rho-GDI2 and Rho-GDI1 exhibit similar abilities to inhibit Rho GTPase, it was hypothesized whether Rho-GDI2 would exert the same effect on HCC prognosis. According to the present study, the same trend was also observed at the RhoGDI2 gene (P=0.006). The most valuable result of the present study is that RhoGDI2 expression is an independent prognostic factor for HCC recurrence following LT. To the best of our knowledge, this is the first study demonstrating that RhoGDI2 is frequently downregulated in HCC, and functions as a metastasis suppressor in HCC. It also The recurrence-free survival rates were significantly lower in GDI1 and GDI2 low-expression group compared with other groups (either GDI1 or GDI2 high-expression group, or the GDI1 and GDI2 high-expression group). RhoGDI, Rho GDP dissociation inhibitor; HCC, hepatocellular carcinoma; OLT, orthotopic liver transplantation.
possesses negative associations with recurrence-free survival of patients with HCC following LT. Thus, detecting the expression levels of RhoGDI1, in combination with RhoGDI2 and Rho GTPases, may be valuable in predicting the prognosis of patients with HCC prior to LT more accurately compared with current measures. Future studies will determine whether the deregulation of Rho GTPase activity is also associated with the prognosis of patients with HCC following LT. By contrast, Rho-GDI3 did not affect the clinical outcome of HCC, implying that besides sharing functions, the three RhoGDIs may also have individual, not interchangeable, activities in tumor progression.
Based on the trend of decreasing RhoGDI expression in HCC and poorer clinical prognosis, it was considered that lower expression levels of RhoGDI in tumor cells may contribute to more aggressive tumor behavior. To confirm this hypothesis, the biological significance of RhoGDI in cancer invasion and migration was then investigated in vitro. It was observed that the knockdown of RhoGDI1 and RhoGDI2 by siRNA accelerated the cell migration rate, and the invasive ability of HepG2 and MHCC-97L cells. Despite the critical molecular mechanism underlying the biological function of GDIs, which has not been described in the present study, to a certain extent it indicates that the loss of RhoGDIs promotes the malignant behavior of HCC cells. In the future, additional molecular and animal model studies are also necessary to confirm these data.
In summary, the results of the present study demonstrate the important roles RhoGDIs perform, particularly RhoGDI2, in liver cancer biology. The downregulation of RhoGDI1 and RhoGDI2 may significantly promote HCC cell invasion and migration in vitro. Concurrently, RhoGDI2 may be a novel biomarker and independent prognostic factor in predicting the recurrence of HCC following LT. These data may enable an exploration of the potential use of RhoGDIs as a target for cancer therapy.
